Transforming growth factor beta 2 (TGF-b2) plays a critical role in growth, differentiation and cell death, but its function in the developing cerebellum is still uncertain. In this study we analyzed the effects of TGF-b2 on ex vivo developing cerebellar slice cultures. Proliferation of granule cell precursors peaked ex vivo in the same developmental window as in vivo (P8-P14). Addition of recombinant TGF-b2 could extent the proliferation of granule cell precursors and induced a second late proliferation wave. In contrast, antibody neutralization of TGFb2 strongly reduced proliferation and induced neurodegeneration. TGF-b2 neutralization resulted in apoptotic cells, which showed caspase 3 activation. Taken together our results demonstrate that TGF-b2 is a novel growth and survival factor for granule cells precursors in the developing cerebellum.
Introduction
Transforming growth factor-b family members, which include TGF-bs, activins and bone morphogenetic proteins (BMPs), are multifunctional cytokines, regulating a broad spectrum of biological responses on a large variety of cell types (Shi and Massague, 2003; Krieglstein et al., 2002) . TGF-bs regulate cell growth, differentiation, cell death and mediate immune modulatory functions. They start signal transduction by binding to distinct receptors with intrinsic serine/threonine kinase activity and activation of specific downstream intracellular effectors, called Smad proteins. Phosphorylated receptor Smads pass the signal from the cell membrane to the nucleus, where they activate target gene expression in association with DNA-binding partners (Shi and Massague, 2003) . Distinct pools of receptors, Smad proteins and DNA-binding associates emphasise, in a cell specific manner, the multifunctional nature of TGF-bs and related factors. Mutations in the genes involved in these pathways are the reason of various forms of human cancer and developmental disorders (Massague et al., 2000) . How exactly specific signaling is achieved is still unknown.
The three mammalian isoforms of TGF-b (TGF-b1, TGF-b2 and TGF-b3) are each encoded by a unique gene on different chromosomes (Lawrence, 1996) . Within the nervous system TGF-b1 mRNA was detected during development in the meninges and choroid plexus both in embryos and adults, whereas TGF-b2 and TGF-b3 mRNAs and protein were detected in several regions such as choroid plexus, hippocampus, Purkinje cells and cerebellar granule cells (Unsicker et al., 1991; Constam et al., 1994) . TGF-b was suggested to act as a survival factor for embryonic motoneurons, dopaminergic and neonatal sensory neurons (Krieglstein et al., 1995) . Recently, TGF-b was described as an essential survival and differentiation factor for dopaminergic neurons within the substantia nigra (Farkas et al., 2003) . In contrast TGF-b neutralization prevented ontogenetic death of neurons in the chick embryo (Krieglstein et al., 2000) . Similarly, TGF-b1, TGF-b2 and TGF-b3 can activate apoptosis in cerebellar granule cells, depending on the state of depolarization (de Luca et al., 1996) . To clarify these contradictory findings we analyzed the role of www.elsevier.com/locate/modo TGF-b2 in the developing cerebellum, where this isotype is predominantly expressed (Constam et al., 1994; Kaltschmidt and Kaltschmidt, 2001 ). Here we analyzed the effects of TGF-b2 on developing cerebellar ex vivo cultures, because TGF-b2 knock out mice develop a wide range of defects, but die at E18,5 (Sanford et al., 1997) before the development of the cerebellum occurs. Therefore in knock out mice the loss of TGF-b2 could not be analyzed in the cerebellum. We used a gain of function approach (exogenous application of TGF-b2) and a loss of function approach (antibody mediated neutralization of TGF-b2) in organotypic cerebellar slice cultures. We show, that addition of TGF-b2 increased neuronal proliferation. In contrast, neutralization of endogenous TGF-b2 repressed proliferation of cerebellar granule cell precursors and induced neurodegeneration.
Results

Comparison of the developing cerebellum ex vivo and in vivo
The developing cerebellar cortex is characterized by four cell layers: the external granule cell layer (egl) on the pial surface of the cerebellum, the molecular layer (mo), the purkinje cell layer (pcl) and the internal granule cell layer (igl) (see Fig. 1A ). In rodents granule cell precursors proliferate rapidly in the outer egl for 2 or 3 weeks after birth. After exit of the cell cycle, cells descend into deeper regions of the egl and build two long processes, the parallel fibers. Thereafter, a descending process grows which directs the migration of the granule cells through the molecular layer and the Purkinje cell layer along the radial aligned Bergmann glial fibers (see Fig. 1A , middle panel). Postmigratory granule cells settle in the internal granule layer (igl), extend short dendrites and their parallel fibers contact the dendritic trees of purkinje cells (see Fig. 1A , right panel). In the adult stage the egl is dissoluted and the mature cerebellar cortex contains three layers: the molecular cell layer (mo), the Purkinje cell layer (pcl) and the granule cell layer (gcl) (Altman, 1969) .
To demonstrate the power of cerebellar slice cultures even after quite long incubation times ex vivo we performed hematoxylin stainings. These were compared to the corresponding developmental stages of in vivo cerebella (see Fig. 1B ). The histological analysis showed, that the development of cerebellar slices occured with some exceptions like in vivo. Despite the tissue disruption at postnatal day 5 (P5), granule cell precursors at the surface of the slice proliferated intensively early in development (see Fig. 1B compare a,d-g,j) . Post-mitotic granule cells migrated into deeper layers along Bergmann glia and contacted Purkinje cells (see Fig. 1B , compare b,e-h,k). The survival of Purkinje cells was less efficient then in vivo. A lot of Purkinje cell bodies were placed between gcl and mo in the adult stage but we never found ex vivo a complete monolayer of Purkinje cells as in vivo (see Fig. 1B , compare c,f-i,l). With growing incubation time the slices flattened, the four layers of the developing cerebellar cortex (Fig. 1B,  DIV1 , DIV5, P5, P12) were reduced to three layers gcl, pcl and mo (Fig. 1B, DIV16 , adult). The layering was less dense than in vivo and some residual cells stayed outside of the molecular layer. Thus the over all architecture of the adult cerebellum was built in organotypic slice cultures ex vivo.
Granule cell precursors within cerebellar slices proliferate ex vivo as in vivo
To determine the main peak of cerebellar granule cell proliferation we analyzed the incorporation of BrdU into newly synthesized DNA of cerebellar ex vivo cultures. BrdU was detected via the fluorescence of ToPro3-iodide using confocal laser scanning microscopy (see Fig. 2A ). To quantify the amount of BrdU incorporation (Zproliferation) the fluorescence intensity of several regions of interest were measured in slices of different developmental stages. The comparison of these fluorescence intensities gives an indication of the amount of cell proliferation at different developmental stages (Fig. 2B) . The main peak of cell proliferation was determined at day 3 in vitro (DIV 3), which corresponds to postnatal day 8 (P8) in vivo. The majority of cells in the cerebellum are granule cells, suggesting that the main peak of cell proliferation is due to proliferating granule cell precursors. To proof that indeed granule cell precursors are proliferating we performed high resolution images of depicted areas (see Fig. 2C ). Nestin staining was used to facilitate orientation in the slice (see overview, Fig. 2C, a) . Then, a high resolution image of the egl showed single BrdU-ToPro-3 labeled granule cell precursors (Fig. 2C, b) , demonstrating the highly proliferative nature of this cell type at DIV3. Then proliferation declines until DIV 9 (P14) and from DIV 11 (P16) to DIV 22 (P27) the fluorescence intensity of ToPro-3 was hardly detectable.
These data fit perfectly to the described peak of granule cell proliferation in rats in vivo, which occured between P8 and P15 (Altman, 1969) and suggested that the proliferation and differentiation of granule cell precursors in organotypic slice cultures recapitulated the in vivo situation.
TGF-b2 is secreted from cerebellar slice cultures
Previously, we demonstrated high NF-kB activity in granule cell precursors before postnatal day 7 (P7), which decreases after P7 during rat cerebellar development. Using gene expression profiles we could show a correlation of upregulated TGF-b2 and the developmental down-regulation of NF-kB (Kaltschmidt and Kaltschmidt, 2001) .
We assumed, that TGF-b2 is secreted to the medium from cultured cerebellar slices as shown for cultured granule cells (Constam et al., 1994) . To support this hypothesis we The developing cerebellar cortex is characterized by four cell layers: the external granule cell layer (egl), the molecular layer (mo), the Purkinje cell layer (pcl) and the internal granule cell layer (igl). Granule cell precursors proliferated rapidly in the outer egl, exit the cell cycle, descend into deeper regions of the egl and build two long processes, the parallel fibers. Thereafter, a descending process grows which directs the migration of the granule cells through the molecular and the Purkinje cell layer along the radial aligned Bergmann glial fibers (middle panel). Postmigratory granule cells settle in the igl, extend short dendrites and the parallel fibers contact the dendritic trees of Purkinje cells (right panel). The mature cerebellar cortex contains three layers: (mo), (pcl), (gcl). (B) Cerebellar slices were cultivated for the indicated times and stained with hematoxylin to visualize the typical layering of the cerebellum. At the first day in vitro (DIV1) the egl, mo, pcl and igl appeared similar to the in vivo situation (compare a,d-g,j) . After 16 days in vitro (DIV 16) the typical anatomical structure of the adult cerebellum is build, Purkinje cells are located between mo and gcl (compare c,f-i, l). Scale bars (d,e,f, and g,h,i) 200 mm, scale bars of the blow ups (a,b,c and j,k,l) 10 mm.
used an ELISA specific for TGF-b2. Secretion of TGF-b2 increased continuously and a peak was measured in the supernatants of cultured cerebellar slices at DIV7 (Fig. 3A) . At DIV1, before this peak of secretion, intracellular TGF-b2 was detected by immunofluorescence ( Fig. 3B) . Staining of cerebellar granule cell precursors was detected at DIV1 similar to the situation in vivo (Kaltschmidt and Kaltschmidt, 2001) . Surprisingly, between DIV3 and DIV9 the intracellular distribution of the anti-TGF-b2 immunoreactivity changed. At DIV5 staining was confined to somata of cells. This localization suggests, that proliferation might correlate with internalisation, which might be crucial for TGF-b2 signaling (Hayes et al., 2002) . The anti-TGF-b2 staining of the cell surface and somata declined after DIV5 and then from DIV9 to DIV21 fibres and punctiform structures were decorated, resembling neurosecretory granules.
Similarly, TGF-b was recently localized in axonal vesicles and in neurosecretory granules of the axonal endings in neurons of the neurohypophysis (Fevre-Montange et al., 2004) . Specificity of anti-TGF-b2 staining was assessed via competition with recombinant TGF-b2. Preincubation with TGF-b2 abolished the staining of cells by anti-TGF-b2 antibody in several developmental stages ( Fig. 3B , see controls). Taken together high TGF-b2 production was detected in the early phase of the developing cerebellum and declined thereafter.
Addition of recombinant TGF-b2 increases proliferation
To investigate the role of TGF-b2 in the developing cerebellum we used a gain of function approach.
As a physiological read out we performed proliferation assays. Cerebellar slices were cultivated in incubation medium, containing 10 mM BrdU and 2 ng or 10 ng/ml recombinant TGF-b2, respectively. As under endogenous conditions, cell proliferation peaked at DIV3 but was extended to DIV11 by addition of recombinant TGF-b2 at both concentrations (Fig. 4) . Furthermore a second increase of cell proliferation was detected by addition of 10 ng/ml TGF-b2 and to a somewhat lesser degree by 2 ng/ml TGF-b2 Fig. 2 ). Cerebellar slices were cultured from P5 animals and matured ex vivo as indicated. TGF-b2 was detected by immunofluorescence using confocal microscopy. To control the specificity of immunological TGF-b2 detection, anti-TGF-b2 antibody was preabsorbed with recombinant TGF-b2 (control, lower panel). White bars depicted a size of 50 mm.
( Fig. 4A,B) . For purpose of quantification relative proliferation indices were calculated (Fig. 4C) .
Which cell type started to proliferate in DIV 22 after application of recombinant TGF-b2? To address this question we treated slices in incubation medium, containing 10 mM BrdU and 2 ng/ml TGF-b2 for 22 days and typed the cells with several antibodies. We used an antibody against nestin to stain potential stem cells.
In contrast to earlier developmental stages (DIV3) nearly no nestin positive cells and no overlap with proliferating cells were detected in DIV22, 'adult' slices (data not shown). Next we analysed the proliferation of potential glial cells by staining the slices with antibodies against glial fibrillary acidic protein, GFAP. No colocalisation of GFAP and proliferating cells were observed (data not shown). Using an antibody against b3-tubulin we typed young neurons. Surprisingly we could detect a very strong overlap of proliferating cells and b3-tubulin staining in the granule cell layer of DIV22 slices (see Fig. 4D , overview). In the high power image of the depicted area (see Fig. 4 large picture below), granule cells incorporated very efficiently BrdU-ToPro in the nuclei and their cytoskeletons were strongly positive for b3-tubulin. In contrast, Purkinje cells did not proliferate after application of recombinant TGF-b2, suggesting that this cytokine can act specifically on granule cells.
Thus, TGF-b2 was able to induce the proliferation of already migrated post-mitotic granule cells, if it was applied in a late developmental window, where endogenous TGF-b2 is normally downregulated (see Fig. 3A ).
Deprivation of TGF-b2 results in decreased proliferation and cell death
A loss of function approach for TGF-b2 was used with a neutralizing antibody against TGF-b2. After treatment with anti-TGF-b2 antibody the slices showed decreased proliferation, indicated by a strongly reduced fluorescence (Fig. 5A , compare left panels with middle and right panels). Controls omitting the neutralizing antibody nor cerebellar slices treated with control protein (20 mg/ml bovine serum albumin/BSA) showed lesions. Controls significantly proliferated better than antibody treated cultures, for quantification see (Fig. 5B, P!0.001) .
Deprivation of TGF-b2 resulted not only in a decrease of proliferation but also in large pathological lesions nearly Fig. 4 (continued) free of cells, especially in the egl (see Fig. 5C and A) . To investigate the mechanism of cell death induced by TGF-b2 deprivation, stainings against activated caspases were performed.
TGF-b2 deprivation induces caspase dependent apoptosis
Apoptosis is orchestrated by a family of caspases. Several mammalian caspases have been identified, three of which (caspase-3, -6, and -7) are thought to coordinate the execution phase of apoptosis by cleaving multiple structural and repair proteins (Putcha and Johnson, 2004 ). Here we show that the 'executioner' caspase 3 is activated by deprivation of TGF-b2. Activated caspase-3 was analyzed in cerebellar slices left untreated (control) or treated with neutralizing TGF-b2 antibody as demonstrated in Fig. 6A . The increased immunoreactivity detecting activated caspase-3 was localized especially around lesions. Quantitative analysis of anti-caspase-3 immunoreactivity within randomly selected fields showed a significant difference of control and neutralizing antibody treated slice cultures (P!0.001) (see Fig. 6B ). As an unspecific protein control we applied 20 mg/ml goat IgG, which had no statistically significant effect on caspase activation.
Caspase inhibition reduced apoptotic cell death after TGF-b2 deprivation
Cultivated cerebellar slices were analysed for apoptotic cell death using terminal deoxynucleotidyl transferasemediated dUTP nick end labeling (TUNEL). After three days of culturing under control conditions we detected some TUNEL positive cells, due to naturally occurring apoptosis in the cerebellar cortex (see Fig. 7A ). The reason for this endogenous cell death might be a failure of granule cell precursors to contact their target cells (Purkinje cells). After treatment with neutralizing TGF-b2 antibody (Fig. 7B ) a strong increase in apoptotic cell death could be detected. In addition we identified large tissue-free lesions already after 3 days. High power micropraphs, shown on the right side (Fig. 7) underscore the strong increase in apoptosis after neutralization of TGF-b2.
To test whether activated caspases are functionally involved in cell death of cerebellar precursor cells, cerebellar slices were cultivated with 20 mg/ml anti-TGF-b2 antibody and 100 mM caspase inhibitor (Boc-D-FMK). TUNEL was used for detection of apoptosis. Fig. 7C indicates that caspase inhibition reduced apoptosis. The remaining amount of TUNEL positive cells and lesions might indicate caspase independent cell death mechanisms or necrosis. Quantitative analysis showed a statistically significant difference (P! 0.001) between antibody treated slices with all other conditions (see Fig. 7D ). Treatment with neutralizing antibody and caspase inhibitor resulted in a nearly fourfold reduction of TUNEL positive cells, suggesting a major involvement of apoptotic cell death in this neurodegeneration. In addition the number of lesions were significantly reduced (P!0.001) when activated caspases were inhibited (see Fig. 7E ). Control slices, treated with caspase inhibitor alone or DMSO showed nearly no cell death.
These data clearly demonstrated that TGF-b2 is an essential growth and survival factor for the developing cerebellum.
Discussion
Here we have used an ex vivo cerebellar slice culture paradigm to analyze the role of TGF-b2 in the developing cerebellum. Our results show that (1) cerebellar granule cell precursors proliferate and differentiate in slice cultures as in vivo; (2) exogenously added recombinant TGF-b2 extends the proliferative phase of granule cell precursors and induces a second late proliferation wave; (3) TGF-b2 deprivation decreases proliferation and induces apoptosis by activation of caspase-3.
Within the cerebellum neuronal precursor cell populations are present postnatally in the external granule cell layer (egl). In rodents the egl undergoes rapid proliferation at birth until postnatal day 15. The progenitor cells mature predominantly into granule cell neurons and maintain this neuronal commitment even after being transplanted into heterotypic sites in the brain (Gao and Hatten, 1994; Vicario-Abejon et al., 1995; Jankovski et al., 1996; Carletti et al., 2002) . In this study, the proliferation peak of granule cell precursors was determined at the third day in vitro (DIV 3), which corresponds to postnatal day 8 (P8) followed by a sharp reduction of proliferation after DIV 9 (P14) until DIV 22 (adult), where proliferation was hardly detectable. Thus the peak of granule cell proliferation in cerebellar slice cultures (P8-P14) faithfully recapitulated the in vivo situation, where the proliferation peak occured from P8-P15 in the rat (Altman, 1969) .
Previous studies revealed that up-regulation of TGF-b2 was correlated with the developmental down-regulation of NF-kB using gene expression profiles (Kaltschmidt and Kaltschmidt, 2001 ). TGF-b2 represses activated NF-kB in granule cells as observed in the immune system (Arsura et al., 1996) . Based on the expression pattern of TGF-b2 we hypothesized an important role of TGF-b2 in the regulation of the developing cerebellum.
Here we could demonstrate an extended proliferation peak until DIV 11 (P16) by addition of 2 ng/ml recombinant human TGF-b2. Furthermore, an early onset (DIV1) and Fig. 7 (continued) a second increase of cell proliferation was detected with the addition of 10 ng/ml exogenous TGF-b2 and to a somewhat lesser degree by 2 ng/ml TGF-b2. Both types of TGF-b receptors (RI and RII) seem to be expressed in the cerebellum (Bottner et al., 1996) . In line with this study it has been already suggested that TGF-b2 could control proliferation of isolated cerebellar granule cells (Kane et al., 1996) . On the other hand it was described that TGF-b might inhibit cerebellar granule cell proliferation (Constam et al., 1994) . Isolated cerebellar granule cells depend on the addition of 40 mM K C to the culture medium, which is thought to mimic physiological depolarization. In low K C , TGF-bs induce apoptosis in isolated granule cells (de Luca et al., 1996) . To further clarify this controversy we used a more physiological organotypic culture paradigm, which faithfully recapitulated the ontogenetic proliferation and differentiation of the developing cerebellum. Using this organotypic system we could show that the endogenously expressed isofom TGF-b2 is crucially involved in proliferation of cerebellar granule precursors. Deprivation of TGF-b2 in our cerebellum ex vivo cultures ('loss of function' experiments) results in decreased granule cell proliferation.
Cytokines can act differently on isolated cells than on clusters of cells, a phenomenon which is called community effect. TGF-b factors can transmit community effects, which might describe the different action of TGF-b on isolated neurons or clusters of neurons. On single neuralcrest-derived progenitors TGF-b induces smooth-musclelike fate. In contrast, TGF-b promotes neurogenesis in communities of neural-crest-derived cells (Hagedorn et al., 1999) . Community effects might be the reason for the observed differences, which describe an anti-proliferative action of TGF-b2 in isolated cerebellar granule cell cultures and the here described proliferative, neurogenic action of TGF-b2 in organotypic slice cultures, where communities of cerebellar granule precursors exist.
Neurotrophins and growth factors such as TGF-b can produce significant trophic and protective activities on vertebrate neurons, glial cells or their precursors (Flanders et al., 1998) . Nearly all of these studies analyzed the effects of exogenous TGF-b on cultured cells and the results varied depending on the culture conditions (Martinou et al., 1990; Kane et al., 1996) . Here we used an organotypic culture system, which might resemble closely the community of cells developing in vivo. Organotypic cultures can be maintained for weeks. In these cultures neurons continue to differentiate to develop a tissue organization similar to that observed in situ (Gähwiler et al., 1997) . Using organotypic cultures we provide evidence, based on the action of neutralizing antibodies, that the isoform TGF-b2 function as an essential survival factor during the normal development of the cerebellum.
Deprivation of endogenous TGF-b2 leads to increased caspase-3 activation especially around the lesions in the EGL. Inhibition of caspases reduced apoptosis but does not abolish caspase independent apoptosis nor necrotic cell death. Thus, neutralization of TGF-b2 might lead to a mixture of caspase dependent and independent apoptotic cell death. It might not be surprising that the broad specific caspase inhibitor does not block totally apoptotic cell death, since it was already described that inhibition of caspases delays but does not totally prevent cell death. In this line, TGF-b2 is not the only isoform of the TGF-b family, involved in neuroprotection. The isotype TGF-b1, which is rapidly upregulated after brain injury (Finch et al., 1993 ) is essential for neuronal survival. Knock out of TGF-b1 showed a non-redundant function, resulting in neuronal loss and microglia activation (Brionne et al., 2003) .
Our data imply that TGF-b2 is one of the important endogenously produced neurogenic factors in the developing cerebellum, essential for proliferation and survival of cerebellar granule cell precursors.
Materials and methods
Preparation of cerebellar ex vivo cultures
Wistar rats were decapitated at postnatal day 5. Brains were removed, cerebella were dissected into 400-mm-thick slices by using a McIlwain tissue chopper (Mickle Laboratory Engineering, Gomshall, Surrey, UK) and kept in ice-cold MEM (Gibco), pH 7.3, containing 2 mM L-glutamine. Slices were put on top of Millipore membranes (diameter 30 mm, pore size 0.4 mm), transferred to six-well plates containing 750 ml culture medium (50% MEM, 25% HBSS, 25% heat-inactivated horse serum, 2 mM L-glutamine, 5 mM NaHCO 3 ) and incubated in humidified 95% air/5% CO 2 atmosphere at 37 8C for the indicated time.
ELISA
TGF-b2 concentrations in the supernatant of cerebellar ex vivo cultures were quantified from at least three independent cultures using a TGF-b2 specific ELISA kit (Promega) in an antibody sandwich format according to the manufacturer's manual. The concentration of secreted TGF-b2 was determined by acid activation of the samples with HCl at pH 2.0-3.0 for 15 min and neutralization with NaOH to approximately pH 7.6. After color development reaction was stopped by 1 M HCl and the absorbance was recorded at 450 nm on a plate reader within 30 min. A standard curve using recombinant TGF-b2 was prepared for each plate.
Immunostaining
Cerebellar slices were fixed as described (see cell proliferation assay) and incubated with the primary antibody for 2 days at 4 8C. After washing for 2!4 h with PBS, the secondary antibody was added again for 2 days at 4 8C, washed and the slices were embedded in mowiol for confocal microscopy.
For immunological detection of TGF-b2 we used an anti-TGF-b2 antibody (1:50 in phosphate-buffered saline (PBS, Sigma). After washing, the secondary antibody (Cy3-conjugated rabbit anti-goat IgG, Jackson Immuno Research, 1:300) was used to visualize the staining. To control the specificity of the anti-TGF-b2 antibody, we performed a pre-incubation of recombinant TGF-b2 with the anti-TGFb2 antibody for 2 h and then added this complex to cerebellar slices.
Caspase activation was detected with a monoclonal antibody specific for cleaved caspase-3 (1:100, Cell Signaling). After washing, the secondary antibody (Cy3-conjugated goat anti-rabbit IgG was added at a dilution of 1:300 in PBS. Immunostaining was continued as described above. Finally, cerebellar sections were analyzed from varies times of developmental stages (P5-P26).
Cell proliferation assay
Cell Proliferation assays were performed as described (Beisker et al., 1999) . Briefly, 10 mM bromodeoxyuridine (BrdU) was added to cerebellar slices each day. At various times after preparation cerebellar slices were fixed with 4% paraformaldehyde and 0.25% sodium borhydride and counterstained with 0.3 mM ToPro-3-iodide (Molecular Probes). Incorporation of BrdU into newly synthesized DNA of cerebellar slice cultures was detected by BrdUdependent fluorescence enhancement of TO-PRO-3. Fluorescence was monitored using an inverted confocal laser scanning microscope (LSM 5, Pascal, Zeiss), aquipped with a plan neofluoar 5! objective. Relative cell proliferation was calculated from the fluorescence of whole slices (nO3 for each developmental stage) as follows: relative percentage of cell proliferationZ(F exp KF min )/(F max KF min )! 100. F exp is the fluorescence of the experimental test condition, F max is the maximal fluorescence and F min is the background fluorescence. Statistical analysis was done as described below.
'Gain of function' experiments
The ex vivo cerebellar slice cultures were prepared as described above. First cerebellar slices were cultivated in incubation medium, containing 10 mM BrdU and 2 ng/ml or 10 ng/ml human recombinant TGF-b2 (Sigma), respectively. Human TGF-b2 is active on mouse, rat and human cells due to the high homology of this cytokine between the species.
'Loss of function' experiments
A neutralizing antibody specific for TGF-b2 was obtained from Sigma. No cross reactivity against other cytokines was described. Neutralization experiments were done with an affinity isolated anti-TGF-b2 antibody, produced in goat. We used this isotype specific antibody, since the affinity of TGF-b2 to TGF-b receptor bodies (derived of receptor 2) is low (information from the manufacturer). Preincubation of anti-TGF-b2 antibodies with recombinant TGF-b2 completly abolished immunostaining (see Fig. 2B ). Preincubation was done mixing 1:1 molar ratio of recombinant TGF-b2 with neutralizing anti-TGF-b2 antibodies for 1 h at RT.
Cerebellar slice cultures were incubated with 10 mM BrdU and 20 mg/ml anti-TGF-b2 antibody to neutralize endogenously produced TGF-b2. BrdU and neutralizing antibodies were added each day to the cultures. Cell death was detected after an incubation time of 3 days. As unspecific protein controls we added 20 mg/ml BSA or as an isotype control 20 mg/ml purified goat IgG to the cultures, which had no significant effects on proliferation.
After fixation BrdU was detected with ToPro-3-iodide using confocal laser scanning microscopy.
Apoptosis assays
Cerebellar slices were prepared as described before and cultivated with incubation medium, either 20 mg/ml anti-TGF-b2 antibody alone or antibody and 100 mM of Caspase Inhibitor III, a broad spectrum cell-permeable and irreversible caspase inhibitor (Boc-D-FMK, solved in DMSO, Calbiochem). As a control we added caspase inhibitor alone, which had no cytotoxic effect on the cultures. Another control contains only DMSO and incubation medium. After fixation we used the In Situ Cell Death Detection Kit, POD (Roche) for immunohistochemical detection of apoptosis, based on labeling of DNA strand breaks (TUNEL technology) according to manufacturer's instruction. For signal conversion we applied DAB Substrate (Roche) to cerebellar slices. After substrate reaction stained cells were analyzed by light microscopy with a Leitz DM RB microscope from Leica, used software was Image Manager 1000.
A second approach for detection of apoptosis was performed by staining slices with an antibody specific for cleaved Caspase-3 (rabbit monoclonal antibody, 1:100, Cell Signaling). This antibody detects endogenous levels of the large fragment (17/19 kDa) of activated caspase-3 resulting from cleavage adjacent to Asp175. The antibody does not recognize full-length caspase-3 or other cleaved caspases. Immunohistochemical staining of cleaved caspase-3 was detected with a secondary antibody anti IgG rabbit decorated with streptavidin Cy3 (1:300).
Quantification and statistics
Regional fluorescence intensities were quantified using Zeiss LSM5 software (v. 2.8). Relative cell proliferation was calculated from the fluorescence of whole slices (nO3 for each developmental stage) as follows: relative percentage of cell proliferationZ(F exp KF min )/(F max KF min )!100. F exp is the fluorescence of the experimental test condition, F max is the maximal fluorescence and F min is the background fluorescence.
Data are given as the meanGSE. Statistical significance was determined by ANOVA followed by Bonferroni's post hoc test. Differences between two means at P%0.05 were considered as statistically significant.
